Introduction
============

Epithelial cell sheets dynamically change their shape as part of normal animal morphogenesis. This shape change is thought to be performed by individual epithelial cells under the regulation of myosin-II-driven mechanical forces, which are mainly generated by the circumferential actomyosin belt ([Fig. 1](#F1){ref-type="fig"}).[@R1]^-^[@R3] The F-actin--myosin II bundles that comprise the belt are positioned at the apical portion of epithelial cells, along apical cell--cell boundaries ([Fig. 1A](#F1){ref-type="fig"}).[@R4]^-^[@R6] Through its connections to apical junctional complexes, namely the zonula adherens (ZA) and tight junctions (TJs), the circumferential actomyosin belt serves as a force-transmitter between neighboring cells and thereby integrates individual cell behaviors into overall shape changes of epithelial cell sheets during animal morphogenesis.

Apical constriction, a well-studied shape change process of epithelial cells, triggers the invagination and folding of epithelial cell sheets by altering the morphology of individual cells from cuboidal to bottle-shaped.[@R7]^-^[@R11] One of the mechanisms inducing apical constriction is the myosin-II-dependent contractile force generated by the circumferential actomyosin belt ([Fig. 1B](#F1){ref-type="fig"}), in which Rho-associated kinase (Rock), an effecter of RhoA, plays a central role.[@R8]^-^[@R14] Rock is thought to regulate the phosphorylation state of myosin regulatory light chains, thereby activating myosin-II-driven contractile forces. Regulation of the Rock--myosin II pathway in apical constriction is not completely understood; but recent studies identified Shroom3, an actin-binding protein, as an upstream regulator.[@R10]^-^[@R13] Shroom3 was shown to recruit Rock to apical cell--cell junctions, thereby inducing apical constriction.[@R13] However, Shroom3 is obviously not a sole molecule capable of inducing apical constriction in epithelial cells; and we found that Lulu molecules also have an ability to induce apical constriction in epithelial cells.[@R14]

In vertebrates, there are two Lulus, Lulu1 and Lulu2 (also known as Epb41l5 and Epb41l4b/Ehm2, respectively), which have well conserved FERM and FERM adjacent domains, although regions beyond these domains do not resemble each other ([Fig. 2A](#F2){ref-type="fig"}). Lulu1 mutant mice exhibit embryonic lethality, with defects in gastrulation and folding of the neural plate.[@R15]^-^[@R17] Yurt, a counterpart of the Lulu proteins in Drosophila ([Fig. 2B](#F2){ref-type="fig"}), also regulates several morphogenetic processes, including head involution and germ band elongation, which have been attributed to negative regulation of apical membrane size in epithelial cells via the inhibition of Crumbs activity.[@R18]^,^[@R19] We showed however, that mammalian Lulus regulate the circumferential actomyosin belt.[@R14] Specifically, the overexpression of Lulus in epithelial cells results in strong upregulation of the belt, thereby inducing apical constriction.

Lulu2 Interacts with p114RhoGEF
===============================

As the activity of Lulu2 is much stronger than that of Lulu1 in the induction of apical constriction, we studied Lulu2 in further detail.[@R20] Lulu2 is localized along apical cell--cell boundaries in polarized epithelial cells and, as expected, its depletion by RNAi results in disorganization of the circumferential actomyosin belt. However, Lulu2 depletion did not apparently affect the accumulation of TJ components to apical cell--cell boundaries, suggesting that Lulu2 does not regulate TJ integrity.

We previously determined that Shroom3 is dispensable for Lulus-induced apical constriction.[@R14] Those studies suggested that Lulus regulate apical constriction independently of Shroom3 through as yet unidentified molecular pathways. To uncover these pathways, we searched for interacting molecules of Lulu2 by a GST pull-down assay followed by MS/MS analysis, resulting in the identification of p114RhoGEF, a Rho-specific GEF, as a candidate ([Fig. 3A](#F3){ref-type="fig"}). p114RhoGEF was recently shown to regulate RhoA activity at apical cell--cell boundaries, thereby regulating the circumferential actomyosin belt in epithelial cells.[@R21] p114RhoGEF was also reported to play a role in neurite extension, by interacting with disheveled and DAAM1 in neuroblastoma cells,[@R22] as well as stress-fiber formation and reactive oxygen species production, through binding to Septin9 or the Gβγ subunit of heterotrimeric G proteins in fibroblasts.[@R23]^,^[@R24] We confirmed the interaction between Lulu2 and p114RhoGEF by GST pull-down and co-immunoprecipitation assays. Lulu2 was co-localized with p114RhoGEF along apical cell--cell boundaries in epithelial cells, where, according to an in situ proximity assay, they appear to interact with each other. Furthermore, p114RhoGEF-depletion by RNAi caused severe disorganization of the circumferential actomyosin belt. As a functional link between Lulu2 and p114RhoGEF, it was found that p114RhoGEFis necessary for apical constriction driven by Lulu2 overexpression, suggesting that Lulu2 regulates the belt through p114RhoGEF.

Activation Mechanism of p114RhoGEF by Lulu2
===========================================

As Lulu2 depletion by RNAi in epithelial cells did not markedly change the cellular localization of p114RhoGEF, Lulu2 is unlikely to serve as an anchoring molecule of p114RhoGEF at apical cell--cell boundaries. We thus postulated that Lulu2 directly activates p114RhoGEF. In experiments examining whether purified Lulu2 could enhance the catalytic activity of purified p114RhoGEF in vitro, we found that the guanine nucleotide exchange reaction between p114RhoGEF and RhoA was enhanced in the presence of Lulu2. In its N-terminal half, p114RhoGEF has Dbl homology (DH) and Pleckstrin homology (PH) domains, which are necessary for its catalytic activity, while its C-terminal half contains a coiled-coil region and a PDZ domain-binding motif (PBM). We identified the Lulu2-binding site on p114RhoGEF in its C-terminal half, specifically, within the region C-terminal to the coiled-coil region without the PBM. Therefore, the C-terminal portion of p114RhoGEF may serve as an intramolecular inhibitory region, with Lulu2 attenuating inhibition; however, this might not be the case because, at least in vitro, the N-terminal catalytic domain of full-length p114RhoGEF exhibits comparable catalytic activity (unpublished data). Thus, at this point we can speculate that the binding of Lulu2 causes a conformational change in p114RhoGEF that enhances its catalytic activity.

Cingulin and Patj Anchor p114RhoGEF at Apical Cell--Cell Boundaries
===================================================================

The targeting mechanism of p114RhoGEF to apical cell--cell boundaries was also investigated. Cingulin, a TJ-associated protein known to interact with zona occludens (ZO) proteins, F-actin, and myosin II, was reported to bind to the PH domain of p114RhoGEF and to be necessary for p114RhoGEF localization at apical cell--cell boundaries.[@R21] Depletion of cingulin by RNAi resulted in the delocalization of p114RhoGEF from apical cell--cell boundaries and concomitant disorganization of the circumferential actomyosin belt. On the other hand, we found that Patj, an apical cell polarity regulator, binds to p114RhoGEF via a PDZ domain-mediated interaction.[@R20] As was the case with cingulin, depletion of Patj resulted in delocalization of p114RhoGEF from apical cell--cell boundaries and disorganization of the circumferential actomyosin belt, although cingulin remained localized at TJs in these cells. These results suggest that both cingulin and Patj are necessary for the localization of p114RhoGEF at apical cell--cell boundaries. Since their binding sites on p114RhoGEF are different, we can speculate that cingulin and Patj simultaneously bind to p114RhoGEF at apical cell--cell boundaries and thus form a ternary molecular complex ([Fig. 3B](#F3){ref-type="fig"}). However, whereas the C-terminal half of p114RhoGEF including the Patj binding site was efficiently targeted to apical cell--cell boundaries, the N-terminal half of p114RhoGEF including the cingulin-binding site was not. Thus, the role of cingulin might be different from that of Patj in terms of recruiting p114RhoGEF to apical cell--cell boundaries. As a cue to understand this difference, we found that full-length p114RhoGEF bound less efficiently than its C-terminal half to Patj (unpublished observations). We can thus speculate that the binding of cingulin to the N-terminal portion of p114RhoGEF causes a conformational change in p114RhoGEF that allows it to be more easily accessed by Patj at the C-terminal tail, thereby accelerating junctional accumulation of p114RhoGEF. However, more detailed studies are needed to understand the relationship among p114RhoGEF, cingulin, and Patj.

Patj has 10 PDZ domains and is known to bind to various molecules, including Pals1, angiomotin, JAM-1, ZO-3, nectins, Claudin, and Par6 at apical cell--cell boundaries.[@R25]^,^[@R26] In addition, p114RhoGEF was reported to interact with Patj, myosin II, RockII, cingulin and Lulu2.[@R20]^,^[@R21] Cingulin also interacts with several molecules, including GEF-H1, myosin II, F-actin, and ZO proteins at apical cell--cell boundaries.[@R21]^,^[@R27] Therefore, at apical cell--cell boundaries, p114RhoGEF might be a component of a large multi-molecular complex composed of the above molecules. The possible existence of this multi-molecular complex would imply a more complicated interaction between Lulu2 and p114RhoGEF, i.e., Lulu2 might activate p114RhoGEF not only through a direct interaction, as we proposed, but also by collaborating with other molecules of the complex. To fully understand the activation mechanisms of p114RhoGEF by Lulu2 will require much deeper functional analyses, including reconstitution of this putative multi-molecular complex in vitro followed by studies of its regulation.

Atypical PKC Regulates the Circumferential Actomyosin Belt
==========================================================

Recent work showed that aPKC, a well-known cell polarity regulator, regulates the circumferential actomyosin belt.[@R20]^,^[@R28]^,^[@R29] RNAi-mediated knockdown of aPKC, or expression of a dominant negative form of aPKC, induced apical constriction in epithelial cells, suggesting that aPKC counteracts the contractility of the circumferential actomyosin belt. The molecular mechanism of aPKC action on the belt involves its anchoring by Par3 and Willin at the apical junctions.[@R28] In turn, anchored aPKC phosphorylates Rock I, which prevents it from accumulating at the apical junctions, thereby negatively regulating the belt\'s myosin II activity. We found that aPKC phosphorylates and negatively regulates Lulu2 by reducing its ability to interact with and activate p114RhoGEF ([Fig. 3C](#F3){ref-type="fig"}).[@R20] Where and how these two molecular system, aPKC-Lulu2-p114RhoGEF and Willin-aPKC-Rock I are utilized during morphogenesis are interesting questions that remain to be addressed in future studies.

It was recently reported that aPKC is downregulated by pro-inflammatory TNF-α signaling in intestinal epithelial cells in vitro and during intestinal inflammation in mice.[@R30]^,^[@R31] In these cases, aPKC downregulation correlated well with apical myosin II accumulation and MRLC phosphorylation, hallmarks of the pathogenesis of inflammatory bowel disease (IBD). In intestinal cells, apical myosin II activation is thought to be a cause of TJ disruption, an important pathophysiologic factor of IBD.[@R32]^,^[@R33] Furthermore, in IBD patients, as inflammation worsens, active aPKC decreases while apical myosin IIA accumulation increases.[@R31] Therefore, it would be interesting to examine whether aPKC-Lulu2-p114RhoGEF and/or Willin-aPKC-Rock I systems participate in TJ disruption in IBD.

Future Perspectives
===================

The circumferential actomyosin belt regulates several morphogenetic processes. Our understanding of the molecular mechanisms regulating the circumferential actomyosin belt has been improved by recent studies, but is still incomplete. Several questions remain unanswered. For example, it is not yet known how the belt is activated locally and how it is able to induce the changes in apical membrane shape that lead to the desired morphological configurations. It might be the case that cells are able to adopt the desired shape by uneven activation or focal inactivation of the circumferential actomyosin belt. Also, depending on contraction of the belt, changes in the area of the respective apical membrane regions would be expected, perhaps regulated by intracellular membrane-traffic pathways; however, a relationship between such pathways and the contraction forces of the belt remains to be confirmed. Another question relates to the mechanism that allows tension generated by the circumferential actomyosin belt to be transmitted to neighboring cells. Finally, recent studies show that cell shape change is involved in cell proliferation and differentiation, but how the circumferential actomyosin belt regulates these cellular processes remains to be determined. These questions and many others regarding the circumferential actomyosin belt will be the focus of future studies.

![**Figure 1.** The circumferential actomyosin belt regulates apical constriction. (A) The circumferential actomyosin belt is positioned along apical cell-cell junctions (tight and adherens junctions) in polarized epithelial cells. (B) Myosin II-dependent contractile forces of the circumferential actomyosin belt induce apical constriction in epithelial cells.](sgtp-3-91-g1){#F1}

![**Figure 2.** Lulus commonly have FERM and FERM-adjacent domains. (A) Both Lulu1 and Lulu2 have two alternative spliced transcripts that share FERM and FERM-adjacent domains in their N-terminal portion. The C-terminal portions of the isoforms do not obvious homology among them. (B) FERM and FERM-adjacent domains are conserved not only between Lulu1 and Lulu2, but also across species. The numbers indicate similarities or identities of the domains compared with Lulu1 (left or right, respectively).](sgtp-3-91-g2){#F2}

![**Figure 3.** p114RhoGEF is activated by Lulu2. (A) p114RhoGEF has Dbl homology and pleckstrin homology (PH) domains, which are necessary for its catalytic activity, followed by a coiled-coil region and a PDZ domain-binding motif in its C-terminal tail. (B) p114RhoGEF interacts with cingulin via the PH domain, Lulu2 via C-terminal portion, and Patj via the PDZ domain-binding motif in its C-terminal tail. (C) Cingulin and Patj anchor p114RhoGEF at apical cell-cell boundaries. Lulu2 interacts with and activates p114RhoGEF. aPKC inhibits Lulu2. This molecular system regulates the circumferential actomyosin belt.](sgtp-3-91-g3){#F3}
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